Nitrogenase activity of washed Azotobacter vinelandii cells was enhanced by the addition of Ca2' and Mg2+, and the enhancement increased with the 02 concentration. In assays provided with a level of 02 that was initially supraoptimal and inhibitory to nitrogenase activity, the addition of Ca2`or Mg2+ affected both the maximum respiration rate (Vmax) of the cells and the apparent affinity [Ks(02)] of cell respiration for 02 Changes in these parameters correlated with changes in nitrogenase activity. Aeration-dependent increases in Vmax and Ks(02) were inhibited by rifampin and chloramphenicol and were also observed in ammonium-grown cultures.
much lower than that of the isolated respiratory membranes. In Azotobacter vinelandii, the apparent affinity of the respiratory 02 uptake of whole cells decreases with an increased culture aeration (1, 4) . Furthermore, the low-affinity 02 uptake system characteristic of cells grown at increased 02 concentrations is converted to a higher-affinity system when the major divalent cations (Ca2' and Mg2+) of the growth medium are removed by washing or chelation (4) . The low-affinity uptake of washed cells is restored to various degrees by the readdition of the divalent cations (4) . A role for the shifting Ks(02) in aerobic nitrogen fixation is not defined, although the possibility of a role in the protection of nitrogenase enzymes from 02 has been suggested (1) . The primary goal of this study was to test the hypothesis that this metabolism is required for aerobic nitrogen fixation by determining whether divalent cations required for the lowaffinity system are required for oxygen-tolerant nitrogen fixation (acetylene reduction).
Culture growth and preparation of cells for assays. A. vinelandii OP (ATCC 13705) was cultured as described previously (4, 6) . Cultures (100 ml) were grown in 250-ml flasks. The carbon source for growth was either 55 mM mannitol or 10 mM para-hydroxybenzoate. Except when noted, the nitrogen source was N2 (air). Cultures dependent on N2 were routinely grown on a reciprocating shaker at 30°C and 76 rpm (low aeration [6] ). They were used when the absorbance at 580 nm was 0.39 to 0.41. The dissolved-02 concentration of N2-grown cultures is about 6 ,uM at this stage of growth (4) . Cells to be used in acetylene reduction assays were washed and prepared at 0 to 4°C in 5 mM potassium phosphate (pH 7.5) equilibrated with H2, as described previously (4) .
Ammonium-grown cultures were used to determine whether the respiratory shifts occur only when cells are grown under nitrogen-fixing conditions. Ammonium chloride was added to the media from filter-sterilized stock solutions. Cultures were grown as described above at either low Assays. Acetylene reduction assays of nitrogenase activity were at 23°C in 37-ml stoppered vials, with bacteria in a 3-ml suspension as described for washed cells (4) and for unwashed (6) (4, 7) . The method was validated by testing for error as described previously (5) .
Some determinations of respiratory properties were with cells that were not from acetylene reduction assays. Suspensions of washed cells (prepared as noted) were placed directly in the 02 electrode chamber. Assays were initiated with the addition of carbon substrate and were at 23°C. Respiratory properties of suspensions tested for the effects of rifampin and chloramphenicol and those of unwashed cell suspensions from cultures provided with 10 mM ammonium chloride were examined in a similar fashion. The assays were at 30°C, and suspensions were aerated in temperatureequilibrated (30°C) plastic syringes as described previously (4) . Measurements of 02 concentration in the shaking cultures were also as described previously (4) .
Respiratory 02 uptake from the gas phase in the assay vials during the acetylene reduction assays was measured as described previously (3, 5) to compare the actual uptake with Vmax rates.
Chemicals. Chemicals were purchased and prepared as described previously (4) . Rifampin and chloramphenicol, not used in the earlier study, were purchased from Sigma Chemical Co., St. Louis, Mo.
Divalent cation effects on nitrogenase activity. The nitrogenase activity of washed A. vinelandii cells was examined to help determine whether divalent cation-dependent metabolism is required for aerotolerant nitrogenase activity. All nitrogenase assays were in 5 mM potassium phosphate (pH 7.5) containing 3.4 mM sodium chloride. When added, calcium chloride (0.34 mM) and magnesium sulfate (0.80 mM) were at the same concentration as in the growth medium. The effects of 02 concentration on the nitrogenase activity of mannitol-grown cells, with and without magnesium sulfate and calcium chloride, are presented in Fig. 1 . The carbon substrate was 10 mM mannitol. The activity with divalent cations was initially inhibited by 0.04 atm (ca. 4.1 kPa) of 02-Without the addition of divalent cation salts, all the activities were lower. The effect of divalent cations salts on nitrogenase activity, calculated as percent stimulation, increased with the increased 02 concentration. The results were essentially the same when 10 mM para-hydroxybenzoate was the carbon substrate for growth and assay (data not presented).
The ion requirement was further examined by studying the effects of individual divalent cation salts at an initial 02 pressure of 0.04 atm with mannitol-grown cells (conditions as in Fig. 1 [data not presented] ). The addition of magnesium sulfate alone gave the same level of nitrogenase activity as that of the combined salts. The recovery of activity was slightly slower when only calcium chloride was added. These experiments were repeated with para-hydroxyben- Respiration in the acetylene reduction assays. The data presented in Table 1 and described for para-hydroxybenzoate-grown cells are measurements of respiratory capabilities. The effects of the changes in these parameters on 02 uptake in the assays were determined by measuring 02 depletion from the gas phase. Assays were set up as described for the experiments in Table 1 Effects of other divalent cations. Experiments were performed to determine whether other divalent cations could be used in these studies. Cells were grown at moderate aeration, washed three times (4°C), and assayed for effects of the ions on Ks(02) and Vm.; 50 mM TES-KOH (pH 7.5) was used for all of these procedures. All assays contained 3.4 mM NaCl, and 02 uptake was initiated with the addition of 10 mM mannitol. The highest concentrations of Ni2' and Cu21 were 0.1 mM because 1 mM strongly inhibited 02 uptake. Zn2+ was not investigated because it strongly inhibited at 1 and 0.1 mM. ,ug of rifampin ml-or 50 ,ug of chloramphenicol ml-'. The final concentration of methanol was 0.1% (vol/vol). The inhibitors prevented the development of the low-affinity system and prevented increases in the Vm,a (Table 2) .
Respiratory shifts in ammonium-grown cultures. Ammonium represses Azotobacter nitrogenase synthesis (2, 8, 9) . Cells were grown on 10 mM ammonium chloride to determine whether the shifts in Ks(02) are linked to the expression of nitrogen fixation. Measurements were done with cell suspensions taken directly from the cultures as described previously (4 The results on total 02 uptake (see above) should provide directions for investigating how nitrogen fixation can occur under aerobic conditions. The highest nitrogenase activities were observed during the second hour of incubation, when respiration had decreased as a percentage of the VTmax rates. It may, therefore, be necessary to have certain combinations of respiratory Vmax rate and apparent affinity for 02 to have optimal nitrogen fixation. This could be essential for controlling the partitioning of electrons between nitrogenase and respiratory electron transport and may provide a mechanism for the rapid response of the internal reduction state of the cells and nitrogenase activity to changes in 02 concentration. Since aeration-dependent shifts in Ks(02) occur in ammonium-grown cells, the adjustable respiration may be essential for the control of other reductive metabolism.
